During Hydra oogenesis, an aggregate of germ cells differentiates into one oocyte and thousands of nurse cells. Nurse cells display a number of features typical of apoptotic cells and are phagocytosed by the growing oocyte. Yet, these cells remain unchanged in morphology and number until hatching of the polyp, which can occur up to 12 months later. Treatments with caspase inhibitors can block oocyte development during an early phase of oogenesis, but not after nurse cell phagocytosis has taken place, indicating that initiation of nurse cell apoptosis is essential for oocyte development. The genomic DNA of the phagocytosed nurse cells in the oocyte and embryo shows large-scale fragmentation into 8-to 15-kb pieces, but there is virtually none of the internucleosomal degradation typically seen in apoptotic cells. The arrested nurse cells exhibit high levels of peroxidase activity and are prevented from entering the lysosomal pathway. After hatching of the polyp, apoptosis is resumed and the nurse cells are degraded within 3 days. During this final stage, nurse cells become TUNEL-positive and enter secondary lysosomes in a strongly degraded state. Our results suggest that nurse cell apoptosis consists of caspase-dependent and caspase-independent phases. The independent phase can be arrested at an advanced stage for several months, only to resume after the primary polyp hatches.
Introduction
Oocyte growth in animals frequently depends on nutrition by surrounding nurse cells. In many cases these nurse cells are derived from the germline, as is the oocyte. In Drosophila, for example, a cyst forms around 16 germ cells that remain interconnected by cytoplasmic bridges, one of which is determined to form the oocyte, while the remaining 15 cells differentiate into nurse cells and provide nutritive substances to the oocyte (King, 1970) . In the course of oocyte development, the nurse cells undergo apoptosis and are finally resorbed by the oocyte (Spradling, 1993; Cavaliere et al., 1998; McCall and Steller, 1998) .
Comparative analyses have shown that apoptosis of germline-derived nurse cells is widespread in the animal kingdom and often a necessary requirement for the proper development of the oocyte (for review see Matova and Cooley, 2001) . In Drosophila, the caspase-3-deficient mutant dcp-1 does not form fertile oocytes (McCall and Steller, 1998) . In C. elegans, half of the female germ cells undergo apoptosis and are engulfed by the surrounding sheath cells (Gumienny et al., 1999) . The programmed cell death of these cells appears to be required for the maintenance of germline homeostasis because full-size oocytes do not form in the apoptosis-deficient mutants ced-3 and ced-4 (Matova and Cooley, 2001; Gumienny et al., 1999 ). Yet, both in Drosophila and C. elegans, the pathway for germ cell death seems to differ from apoptosis in other cell lineages, as some of the crucial regulators involved in somatic cell apoptosis (i.e., EGL-1 in C. elegans and H99 genes in Drosophila) do not play a role in apoptosis of the germ cells (Foley and Cooley, 1998; Gumienny et al., 1999) . Moreover, apoptosis of nurse cells in Drosophila involves highly regulated intracellular rearrangements of the actin cytoskeleton, which are important for the transfer of cytoplasmic components into the oocyte (McCall and Steller, 1998; Cooley, 1994a, 1994b; de Cuevas and Spradling, 1998; Matova et al., 1999) . Such cytoskeletal rearrangements have not been reported in association with somatic cell apoptosis.
In Hydra, a representative of the early-diverging metazoan phylum Cnidaria, thousands of germline-restricted interstitial stem cells aggregate to form the oocyte (Kleinenberg, 1872; Nishimiya-Fujisawa and Sugiyama, 1995; Littlefield, 1991) . Although many of these cells are competent to form an oocyte, under normal conditions only one located in the middle of the aggregation is selected (Miller et al., 2000) . The cells which are not selected differentiate into nurse cells and are phagocytosed by the growing oocyte. During and following their phagocytosis, the nurse cells begin a process in which they acquire a number of features of apoptotic cells (Honegger, 1989; Miller et al., 2000) : the nuclear membrane becomes irregular, but retains its integrity; the chromatin becomes condensed and concentrates on one side of the cell; the cell rounds up and forms strong interdigitations at the contact sites with adjacent nurse cells. Subsequently the volume of the cell decreases, presumably due to loss of cytoplasmic fragments. In a preceding study, we have shown that initiation of the nurse cell apoptotic program is regulated by the oocyte (Miller et al., 2000) . Apoptosis has been reported from Hydra and other Hydrozoa and attributed to growth regulation and morphogenesis (Bosch and David, 1984; Cikala et al., 1999; Seipp et al., 2001) . Recently, apoptosis has also been shown to occur during spermatogenesis in Hydra (Kuznetsov et al., 2001) . Here, we have examined the process of nurse cell apoptosis during oogenesis on the cellular and molecular level. We show that the early but not the late stages of oogenesis are caspase-dependent. After this caspase-dependent phase, the nurse cells are phagocytosed by the oocyte and arrest at an advanced stage of apoptosis. Arrested nurse cells are characterized by the presence of high levels of peroxidase activity and genomic DNA that is cleaved into large fragments. The internucleosomal cleavage pattern typical of apoptotic cells and entry into the lysosomal pathway does not occur until embryogenesis is completed.
Materials and methods

Hydra culture, and induction and staging of oogenesis
Animals were maintained as described previously (Technau and Holstein, 1996) . All experiments were carried out using the AEP female strain of Hydra vulgaris (Martin et al., 1997) . Fertilization of eggs was done with males of the PA2 strain. Stock cultures of AEP were fed with Artemia nauplii five times a week, which kept them in a nonsexual state. To induce gametogenesis, animals were starved for one week and thereafter fed two to three times a week for several weeks (modified after Hobmayer et al., 2001 ). The first stages of oogenesis became visible in such cultures about 10 -14 days after the initiation of starvation. Staging of oocyte development was done according to Miller et al. (2000) .
Acridine orange and DAPI staining
Live animals were incubated in 10 g/ml acridine orange (AO) in Hydra medium for 3 min in the dark, followed by five washes in Hydra medium (Miller et al., 2000) . The animals were then relaxed by incubation in 0.03% heptanole or 0.5% urethane in Hydra medium for the time of examination under the microscope. Stained animals were mounted on glass slides and photographed immediately under epifluorescent illumination. DAPI staining was carried out on unfixed material (in the case of double staining of nurse cells with AO) or on dissected egg fields which were macerated on glass slides and then fixed with formaldehyde. Maceration was done by incubating in maceration solution (acetic acid/glycerol/water; 1:1:26; David, 1973) for 30 min and fixed on gelatine-coated glass slides with 4% formaldehyde.
TUNEL assay
The TUNEL assay (Gavrieli et al., 1992) was adapted from Hensey and Gautier (1998) . Animals were relaxed in 2% urethane for 1 min, fixed in MEMFA (100 mM MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde) for 1 h and washed several times in methanol. The methanol was replaced stepwise with PBS, and then the animals were washed twice for 15 min in PBS/0.2% Tween and once in PBS. The animals were then equilibrated in terminal deoxytransferase (TdT) buffer for 1 h. End-labeling was carried out overnight at room temperature in 100 l TdT buffer containing 0.5 M digoxygenin-dUTP and 150 U/ml TdT. The reaction was stopped by addition of PBS/EDTA at 65°C (2ϫ1 h), followed by four washes in PBS. The polyps were then washed in PBS/0.1% Triton X-100/2% BSA for 15 min and incubated in blocking serum (Roche) for 1 h. Then the specimens were incubated in a 1:2000 dilution of anti-digoxigenin antibody coupled to alkaline phosphatase (Roche) overnight at 4°C. Over the course of the following day, the samples were washed with a number of changes of PBS/Triton/BSA. For detection, the animals were equilibrated 2 ϫ 5 min in alkaline phosphatase buffer (100 mM Tris, pH 9.5, 50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween 20, 1 mM Levamisol) and then the substrates NBT and BCIP were added. The color reaction was stopped with 95% ethanol and the animals were mounted in glycerin/PBS (9:1). In macerates (David, 1973 ) the TUNEL assay was performed essentially as for whole animals. Incubation of the enzyme and the antibody was done in a humid chamber; the enzyme reaction was stopped in a water bath. Color reaction was stopped with PBS instead of ethanol and counterstained with 0.05 g/ml DAPI and the macerates were mounted in glycerol/PBS (9/1).
Hydroxyurea treatment
Animals were treated with 10 mM hydroxyurea in Hydra medium for 8 h, and then washed several times and analyzed after 12-18 h.
Antibody staining
The monoclonal antibody H22.58 was generated in the lab of Charles N. David (Munich) and detects secondary lysosomes (Technau, David, and Holstein, in preparation) . Animals were relaxed for 1 min in 2% urethane and fixed with Lavdovsky's fixative (4% formaldehyde, 10% acetic acid, 50% ethanol) overnight. Animals were washed three times with PBS and incubated overnight in undiluted mAb H22.58. After three washes in PBS the animals were incubated for 2 h in 1:400 anti-mouse IgG and IgM Alexa 488 coupled secondary antibody (Molecular Probes). After three washes in PBS the specimen were mounted in glycerol/ PBS (9:1). Double staining in macerates with TUNEL was performed after the TUNEL assay.
Caspase inhibitor treatment
The Caspase inhibitors z-VAD-FMK and Ac-DEVD-CMK (Calbiochem) were dissolved in 100% DMSO and diluted immediately prior to use. Treatments were done with inhibitor concentrations of 1, 10, 100, 300, and 600 M in 0.3-0.75% DMSO. The solution was replaced every 6 h over the course of 48 h because of the short half-life of these inhibitors (Garcia-Calvo et al., 1998) . As a control for unspecific protease effects and unspecific effects by the chloro-methyl-ketone group (CMK) we treated animals with 600 M of N-tosyl-lysine-CMK (Calbiochem), an inhibitor of trypsin-like serine proteases.
Peroxidase staining
The peroxidase assay was carried out as previously described (Hoffmeister and Schaller, 1985; Technau and Holstein, 1996) .
Isolation of genomic DNA
Fifty polyps or 50 embryos were incubated in lysis buffer (0.2 M Tris, pH 8.0, 100 mM EDTA, 0.2% SDS, 100 g/ml Proteinase K) for 2 h at 60°C; 2 l of diethylpyrocarbonate was added and incubation was continued for another 30 min at 60°C. Next, 50 l of 5 M potassium acetate was added and incubation was carried out on ice for 30 min. The samples were centrifuged for 5 min at 14,000 rpm and the supernatant transferred to a fresh tube and again centrifuged at 14,000 rpm for 15 min. The supernatant was transferred into a fresh tube and precipitated by adding 0.75 ml of 100% ethanol and centrifuging for 5 min. The dried DNA pellet was resuspended in 350 l of TE buffer, DNase-free RNaseA was added to 100 g/ml, and the samples were incubated at 37°C for 1 h. The RNase was removed by a phenol-chloroform extraction. The DNA was precipitated with ethanol and resuspended in 50 l of TE buffer.
Whole-mount in situ hybridization
In situ hybridization was carried out as previously described (Technau and Bode, 1999) except that detection was done with NBT/BCIP instead of BM Purple.
Results
Nurse cells phagocytosed by the oocyte are not degraded
Ultrastructural studies have shown that nurse cells display several morphological features of apoptotic cells (Zihler, 1973; Honegger et al., 1989) . We therefore stained live polyps at different stages of oogenesis with AO. AO binds to nucleic acids (RNA and DNA) in nonfixed apoptotic cells. As the intracellular and nuclear environment become more acidic and chromatin condensation and degradation occur, AO fluorescence shifts from green to a yellow/ red color under blue light excitation (Mpoke and Wolfe, 1997) .
In Hydra, the first AO-positive nurse cells can be detected at stage 3 of oogenesis, when the oocyte starts phagocytosing the nurse cells (Fig. 1; Miller et al., 2000) . During later stages the number of AO-positive nurse cells rapidly increases, and results in a brightly stained oocyte with thousands of densely packed green nurse cells inside the oocyte (Figs. 1A-D). We followed the fate of the nurse cells during embryogenesis and found that the great majority of them can be detected throughout embryogenesis until hatching of the polyp. During this time, their morphology and AO-staining pattern appears virtually unchanged (Figs. 1E-1). Hence, nurse cells are not degraded after phagocytosis by the oocyte and can be maintained in this nondegraded state. This is remarkable, because hatching can occur up to 12 months after fertilization and probably later (R.E.S., unpublished observations). To further substantiate this observation we macerated a developing oocyte from a female at oogenesis stage 3. When stained with DAPI we found numerous nuclei of the incorporated nurse cells in the oocyte ( Figs. 2A and B) . The chromatin of these nurse cells is condensed, but the nucleus does not break down into smaller fragments (Fig. 2B) . In mature oocytes (stage 7), nurse cell chromatin frequently forms a ring that is displaced to the periphery of the nucleus (Fig. 2C) , which is characteristic of cells displaying large-scale fragmentation (see below; Hunot and Flavell, 2001 ).
Caspase inhibitors can block the development of the oocyte
Caspases are key factors in the induction of apoptosis in metazoans (Nicholson and Thornberry, 1997) . In the canonical apoptotic pathway, activation of caspase 3 ultimately leads to the activation of endonucleases (e.g., DNase 1), which results in the final step in the degradation of apoptotic cells, the internucleosomal fragmentation of nuclear DNA. Two caspases have been isolated from Hydra, termed caspase 3A and caspase 3B. These genes both encode class 3-type caspases, i.e., potential effector caspases (Cikala et al., 1999) . We analyzed the mRNA expression of these two caspases during oogenesis. While caspase 3B does not appear to be significantly expressed in the egg field or the developing oocyte (data not shown), caspase 3A expression can be detected at elevated levels in the egg field from stage 2 to stage 4 (Figs. 3A-C). At stage 2, expression is found in the whole egg field (Fig. 3A) . At this stage, oocyte selection has just occured (Miller et al., 2000) and the nurse cells have not yet been phagocytosed by the oocyte. We therefore conclude that at an early stage of oogenesis nurse cells express caspase 3A. At oogenesis stage 4, when all nurse cells have been taken up by the oocyte, strongest expression is found in the center of the egg field (Fig. 3B) . At stage 5 expression starts to decrease and cannot be detected in oocytes or early embryos (data not shown). This suggests that type 3 caspases might play a role during early oogenesis in Hydra.
To test for a functional role of caspases in oogenesis, we treated females at various stages of oogenesis with the broad spectrum caspase inhibitor zVAD-FMK and the caspase 3-specific inhibitor Ac-DEVD-CMK (Garcia-Calvo et al., 1998). When we started the treatment at oogenesis stage 1 or 2 with 0.3-0.6 mM inhibitor, oogenesis was blocked in a large fraction of females and no mature oocytes were formed (Figs. 4C and D; Table 1 ). However, when we started the treatment at stage 3 (or later), oogenesis proceeded at the normal rate and the mature oocyte appeared unaffected (Table 1) . Also, inhibitor concentrations ranging between 1 and 10 M had no effect; at 100 M they had only minor effects. A control treatment with 0.6 mM Ntosyl-lysine-CMK, an inhibitor of trypsin-like serine proteases, had no effect on the development of oocytes, although it had severe effects on other parts of the polyps (Figs. 4A and B) . This suggests that the observed effects of the caspase inhibitors are not due to unspecific effects by the reactive CMK group. Upon early treatment with caspase inhibitors virtually no TUNEL-positive cells could be found in the body column (Figs. 4C and D; Table 1 ) nor could AO-positive nurse cells be found in the egg field (data not shown). This suggests that caspase activity is necessary for oogenesis during early phases, before phagocytosis of nurse cells, but not required for oocyte development after phagocytosis. Further, the initiation of nurse cell apoptosis appears to be an essential step for proper oocyte development.
Nurse cells phagocytosed by the oocyte are TUNELnegative
To test for internucleosomal fragmentation of the genomic DNA in nurse cells, we established a protocol for TUNEL staining in Hydra. As a positive control, we examined hydroxyurea (HU)-treated polyps and polyps undergoing oogenesis. When apoptosis is induced by treatment of polyps with HU, numerous AO-and TUNEL-positive cells can be detected in the body column of the polyp (data not shown). During late stages of oogenesis, a small number of nurse cells located at the periphery of the egg field fail to be phagocytosed by the oocyte. Instead, they are phagocytosed and rapidly degraded by surrounding epithelial cells. When stained with AO, these nurse cells change from green to red fluorescence, indicating advanced DNA degradation (Fig.  5A) . Similarly, these nurse cells are TUNEL-positive (Figs. 5B and C). We then performed TUNEL assays during all stages of oogenesis and all accessible stages of embryogenesis (i.e., stages prior to formation of the theca). Surprisingly, nurse cells incorporated by the oocyte were TUNEL-negative at all stages examined, suggesting that fragmentation of the genomic DNA does not occur (see, for example, the postgastrula embryo in Fig. 6A ). Thus, although nurse cells phagocytosed by the oocyte are brightly stained green by AO, they never become TUNEL-positive. Nurse cells were also negative for the TUNEL assay when the polyps and early embryos were cut before and after fixation (data not shown), eliminating the possibility that phagocytosed nurse cells are not accessible to the TUNEL assay reagents.
Why are nurse cells not degraded inside the oocyte? One possibility is that the nuclear DNA of the nurse cells is somehow protected against cleavage by DNase I. To test this, we treated various stages of oogenesis and embryogenesis with DNase I after fixation, followed by a TUNEL assay. In response to the DNase I treatment numerous epithelial cells of the parent polyp or nuclei of the blastomeres in embryos became TUNEL-positive, yet nurse cells remained TUNEL-negative (Figs. 6B-E) . These results support the hypothesis that the DNA of the phagocytosed nurse cells is packed in a form distinct from that of somatic cells, a form which protects it from degradation.
DNA of phagocytosed nurse cells is cleaved into large fragments
Internucleosomal degradation of nuclear DNA in apoptotic cells is detected by the appearance of fragments in multiples of 200 bp. We analyzed DNA from normal polyps, from polyps induced to undergo apoptosis by HU treatment, from late oogenesis stages, and from early embryos. DNA from normal polyps migrates as a single band at limiting mobility (Fig. 7A) . The same band is found in HU-treated animals, presumably derived from unaffected epithelial cells, in addition to bands of 200 and 400 bp, which are likely derived from strongly degraded genomic DNA of the interstitial cells undergoing apoptosis (Fig. 7A) . DNA from late oogenesis stages does not differ from normal polyps and shows no obvious signs of degradation (Fig.  7A) . In early embryos, a slight laddering can be detected in some but not all preparations. Intriguingly, the largest sized DNA in the embryo preparations is always noticeably smaller in size than is seen in adult polyps (Fig. 7A, lanes 8  and 9) . To analyze this size difference more accurately, we fractionated the DNA on a 0.7% agarose gel. We found that most of the embryo DNA is in fragments of 8 -15 kb (Fig.  7B ). The early embryos used for this analysis consisted of 8 -100 blastomeres, but they have incorporated up to 10,000 nurse cells. Hence, these preparations are enriched on the order of 100-to 1000-fold for DNA from the nurse cells. In support of this conclusion, we found that DNA preparations from older embryos with much higher numbers of zygotic cells gave two bands, one at limiting mobility (presumably from the embryo nuclei) and one in the 8-to 15-kb region (presumably from the nurse cell nuclei) (data not shown). These results confirm the negative result of the TUNEL assay. The number of free 3ЈOH DNA ends after the largescale fragmentation is presumably too small to be detected by TUNEL. In conclusion, the DNA in phagocytosed nurse cells does become fragmented, but the fragments are much larger than the internucleosomal fragments seen in cells which are proceeding through the normal course of apoptosis.
Persistent peroxidase activity in phagocytosed nurse cells
Peroxidases and catalases are known inhibitors of apoptosis, presumably by preventing oxidative stress to mitochondria, a damage which can induce apoptosis (Zhang et al., 1997; Husbeck et al., 2001; Andoh et al., 2002; Petrosillo et al., 2001; Moon et al., 2002; Iwai et al., 2003; Imai et al., 2003; Hockenberry et al., 1993) . Peroxidase is therefore potentially an agent responsible for preventing nurse cells from completing apoptosis until hatching. To test this possibility, we performed a peroxidase activity assay at various stages of oogenesis and embryogenesis and on hatchlings. We found a high level of peroxidase activity in the nurse cells from early stages of oogenesis on throughout embryogenesis (Fig. 8A) . Newly hatched polyps (Day 0) also exhibit a high level of peroxidase activity (Fig. 8B) , which is localized in the phagocytosed nurse cells (Fig. 8C) . Interestingly, in many polyps we observe that peroxidase activity in newly hatched polyps decreases within 1-3 days following hatching, starting at the apical end of the polyp and spreading over the rest of the body (Figs. 8D-F) . This pattern of decrease in peroxidase activity is strikingly correlated with the pattern of degradation and precedes the disappearance of nurse cells after hatching (compare Figs. 1G-1), suggesting a role for peroxidase in preventing apoptosis in nurse cells until hatching.
Nurse cells are prevented from entering the lysosomal degradation pathway
Phagocytosis is an important step in the degradation of apoptotic cells and has been shown to be necessary for completion of apoptosis (Reddien et al., 2001; Hoeppner et al., 2001 , Hengartner, 2001 ). Since phagosomes normally enter the lysosomal pathway by fusion with the acidic secondary lysosomes, we stained oogenesis stages and oocytes with H22.58, a monoclonal antibody specific for late secondary lysosomes (Technau, David, and Holstein, unpublished results) . While the antibody readily recognizes lysosomes in the epithelial cells of the same specimen, it does not recognize phagosomes with incorporated nurse cells. H22.58ϩ vacuoles are present in the entire body but absent from the oocyte (Fig. 9A) . Similarly, during earlier phases of oogenesis phagocytosed nurse cells are not located in H22.58ϩ lysosomes (Figs. 9B and C) . This suggests that nurse cells incorporated by the oocyte do not enter the lysosomal pathway, and thereby escape complete degradation. Although the nurse cells can persist for months throughout embryogenesis in the unhatched polyp, the nurse cells disappear within 3 days after the polyp hatches. The degradation of the nurse cells, which are now all located in the endodermal cell layer in newly hatched polyps, appears to begin in the apical part of the animal and progress down the polyp, ending at the aboral end of the polyp (Figs.  1G-I) . Interestingly, this degradation pattern is correlated with a shift of green to orange-red fluorescence of the AO, similar to that seen with i cells that were induced by a treatment with HU to undergo apoptosis (Miller et al., 2000) . Since the H22.58 antibody does not penetrate the mesogloea in whole mounts, we prepared macerates from Day 2 and Day 3 hatchlings and stained them with H22.58 Note. Females at oogenesis stage 2 and 3 were selected and treated with DMSO (0.75%) or 300 M Ac-DEVD-CMK and z-VAD-FMK. Solutions were changed every 6 h. After 48 h the oogenesis stages were scored and the number of TUNEL-positive cells in the body column was determined.
antibody. In endodermal cells of these hatchlings about 10% of the nurse cells are found in the H22.58 secondary lysosomes. DAPI counterstaining shows that all nurse cells in the H22.58 lysosomes are highly degraded, with fragmented nuclei, and can be hardly detected morphologically as nurse cells (Figs. 9D-G) . Incorporated nurse cells that can be easily recognized morphologically were never found in the H22.58 lysosomes. This suggests that nurse cells enter the secondary lysosomes only shortly before or during complete degradation and that this step is prevented at earlier stages of embryogenesis. To further confirm this result, we performed a TUNEL assay on macerates of hatchlings and double-stained them with H22.58 antibody. The results clearly showed that in Day 2-3 hatchlings about 99% of all nurse cells were TUNEL-positive, indicating advanced DNA fragmentation (Figs. 9H-J) . However, we also still found a small fraction of TUNEL-negative nurse cells and a small number of cells with only peripheral TUNEL activity (Fig. 9J) . Interestingly, only TUNELϩ nurse cells with highly degraded and fragmented nuclei were found in H22.58 secondary lysosomes (Fig. 9H) . These results suggest that fragmentation of the nurse cell DNA is resumed in hatchlings. Finally, the nurse cells enter the lysosomal pathway and are degraded rapidly.
Discussion
Apoptosis of nurse cells is arrested upon phagocytosis by the oocyte
This study and previous work have shown that Hydra nurse cells display a number of features characteristic of apoptotic cells: the chromatin condenses to one side of the cell; the cells show membrane blebbing, become spherical, and produce membrane-enclosed fragments which are presumably taken up by the growing oocyte (Zihler, 1972; Honegger et al., 1989) . Fig. 10 summarizes the fate of the nurse cells during oogenesis and embryogenesis in Hydra. The oocyte becomes determined at oogenesis stage 2, while all other germ cells differentiate into nurse cells (Miller et al., 2000) . Shortly thereafter, nurse cells initiate apoptosis, are phagocytosed by the oocyte and become brightly stained by acridine orange following phagocytosis (Figs. 10A and  B) . During the early stages of embryogenesis, nurse cell DNA becomes fragmented into large pieces about 8 -15 kb in length. Despite all of these changes indicative of apoptosis, the phagocytosed nurse cells are not TUNEL-positive. Further, they are not degraded and do not change much in appearance throughout embryogenesis until hatching, which can take as long as 12 months or longer. In hatchlings, however, they become TUNEL-positive and are eventually rapidly degraded in the secondary lysosomes of the newly hatched polyp.
Thus, nurse cells enter the apoptotic pathway, possibly as part of their differentiation program, but completion of nurse cell apoptosis is arrested until hatching of the embryo. Since nurse cells which are not incorporated by the oocyte are phagocytosed and degraded by epithelial cells within one day, we conclude that phagocytosis by the oocyte protects nurse cells from further degradation. This shows that the apoptotic machinery can be stalled by appropriate external signals. Completion of apoptosis, however, resumes quickly after hatching and might involve specific signals from the phagocytes (i.e., the endodermal epithelial cells of the primary polyp).
During oogenesis in Drosophila, nurse cells are only completely degraded and resorbed after maturation of the oocyte (McCall and Steller, 1998) , although during a much shorter time frame than that seen with Hydra. Another indication that apoptosis can be reversed at intermediate stages comes from studies in C. elegans, which showed that programmed cell death of cells that have already activated ced-3 (caspase 3) can be reverted in mutants deficient for phagocytosis (Hoeppner et al., 2001; Reddien et al., 2001) . Blocking phagocytosis in C. elegans leads to higher rates of survival of cells destined to die, suggesting a recovery from initial stages of cell death. In Hydra, phagocytosis by epithelial cells promotes degradation of apoptotic nurse cells. By contrast, phagocytosis by the oocyte leads to an arrest of apoptosis. Honegger et al. (1989) have suggested a cytoplasmic transfer between differentiated nurse cells and the early oocyte before initiation of phagocytosis (stage 3). This nutritional supply by the nurse cells might be necessary for the proper development of the oocyte during early oogenesis. Since degradation of nurse cells is stalled after phagocytosis, what could be the role of nurse cells during late oogenesis and embryogenesis? One possibility is that phagocytosed nurse cells are still alive and continue to synthesize RNA and/or proteins to provide them to the oocyte. However, how the molecules provided to the oocyte are transferred from the endosome into the cytoplasm of the oocyte is completely unclear. Also, it is not clear whether the fragmentation of the nuclear DNA into 8-to 15-kb pieces allows efficient transcription. We therefore favor the idea that nurse cells have only very limited metabolic activity, possibly just enough for survival inside the endosomes. Their main role after phagocytosis would be to act as a source of nutrients for the newly hatched polyp.
A caspase-independent pathway of DNA fragmentation in Hydra nurse cells?
Two caspase genes have been identified in Hydra and both encode members of the caspase 3 class (Cikala et al., 1999) . The level of caspase 3A RNA increases during early oogenesis, but drops in mature oocytes and embryos. Treatment with different caspase inhibitors during early oogenesis can block oocyte formation at high doses but they have no effect if applied during later stages of oogenesis. This suggests an early caspase-dependent phase of nurse cell apoptosis that is necessary for proper oocyte development, and a later caspase-independent phase after phagocytosis, during which apoptosis is arrested.
Caspase 3 activation normally leads to the internucleosomal degradation of nuclear DNA by activation of endonucleases such as DNase I. Despite their having many characteristics of apoptotic cells, nurse cells did not show internucleosomal fragmentation even after a long period of incorporation into the oocyte and embryos. Instead, we found degradation into large fragments of about 8 -15 kb. In addition to the formation of large DNA fragments, we also frequently observed the condensation of the chromatin at the periphery of the nuclear envelope which is typical of the situation when DNA degradation produces large fragments (Hunot and Flavell, 2001) . Production of such large fragments has been described as an alternative route of apoptosis (Oberhammer et al., 1993; Zhivotovsky et al., 1994; Lagarkova et al., 1995; Susin et al., 2000; Arnoult et al., 2001; Cipriani et al., 2001 ). This pathway is caspase-independent and involves an unknown nuclease (Hunot and Flavell, 2001) . The endonucleases DNase II or DNase ␣ and DNase ␤ have been proposed as possible candidates for this pathway (Shiokawa et al., 1994; Barry and Eastman, 1993; Wu et al., 2000; McIlroy et al., 2000) . Unlike DNase I, these enzymes are cation-independent and require an acidic environment (Shiokawa et al., 1994; Barry and Eastman, 1993) . This fits the observation of a shift from green to orange-red fluorescence in AO-positive nurse cells, which indicates an intracellular acidification (Mpoke and Wolfe, 1997) . On the other hand, the recently identified endonuclease G (Endo G) acts as a caspase-independent nuclease, which leads to the late fragmentation of nuclear DNA into pieces of about 50 kb (Parrish et al., 2001; Li et al., 2001; Widlak et al., 2001; Wang et al., 2002) . Depletion of Endo G leads to an arrest of apoptosis or to less apoptotic cells, indicating, that Endo G is necessary for the progression of apoptosis. This fits precisely our observation of the DNA cleavage pattern of nurse cells in Hydra. Initiation of the caspaseindependent pathway in vertebrates seems to involve the apoptosis-inducing factor (AIF) that is released from mitochondria and translocates to the nucleus (Joza et al., 2001; Cande et al., 2002) . However, AIF also appears to serve as a free radical scavenger, mediating antiapoptotic functions in a manner similar to that of peroxidases (Klein et al., 2002; Lipton and Bossy-Wetzel, 2002) . Neither Endo G nor AIF has been reported from Hydra to date, but it will obviously be interesting to investigate the role of these proteins during Hydra oogenesis.
The correlation between survival of the nurse cells and strong peroxidase activity suggests that peroxidases might be involved in the arrest of nurse cell apoptosis. Interestingly, peroxidases have been implicated as anti-apoptotic agents in other systems (Zhang et al., 1997; Husbeck et al., 2001; Andoh et al., 2002; Petrosillo et al., 2001; Moon et al., 2002; Imai et al., 2003; Iwai et al., 2003 ; for reviews see Adrain and Martin, 2001; Salvesen and Renatus, 2002) . Induction of apoptosis by oxygen radicals is thought to be an ancient mechanism, already present in yeast (Madeo et al., 1999) . Hence, peroxidases might play a crucial role in regulating the arrest of nurse cell apoptosis in the basal metazoan Hydra.
Final degradation of nurse cells in secondary lysosomes
A striking characteristic of the nurse cell apoptosis is that nurse cells persist in phagosomes without being degraded. However, upon hatching, DNA fragmentation of nurse cells is resumed and the cells enter the secondary lysosomes within 1-3 days. The persistent peroxidase activity provides circumstantial evidence that nurse cells might even have a limited metabolic and synthetic activity. This is reminiscent of a number of intracellular symbionts and pathogens. In Hydra viridissima, the green Hydra, endodermal cells phagocytose symbiotic Chlorella algae. These endosymbionts can proliferate inside the cells and maintain a stable population. The endosymbionts appear to prevent their degradation by secondary lysosomes (Technau, Hegen and Holstein, unpublished results). Likewise, many Anthozoa (corals and sea anemones) harbor intracellular symbiotic Zooxanthella algae. Intracellular parasites and pathogenic bacteria such as Legionella also prevent acidification and fusion of the phagosomes with the lysosomes (Vogel and Isberg, 1999; Amer and Swanson, 2001 ). Thus, nurse cells in Hydra may use strategies similar to those of endosymbionts and pathogens to survive inside a host cell and may indeed have many features in common with endosymbionts.
Evolution of apoptosis in germline-derived nurse cells
Given Hydra's near basal position in the metazoan tree, it is of obvious interest to try to place our findings in an evolutionary context. Recently, it has been shown that nanos and vasa, two germline-specific genes of Bilateria, are also expressed specifically in germ cells in Hydra (Mochizuki et al., 2000 (Mochizuki et al., , 2001 ). This suggests a conserved genetic control mechanism in germline differentiation of all animals (see also Hobmayer et al., 2001 ). Apoptosis of germline-derived nurse cells also appears to be an ancestral feature of oogenesis (for review see Matova and Cooley, 2001 ) and phagocytosis of nurse cells by the oocyte has been reported from a number of cnidarian species (Tardent, 1985) . Interestingly, some sponges and Ctenophores also show a type of oogenesis very similar to that seen in Hydra (Fell, 1969; Harrison and Westfall, 1991) , suggesting that apoptosis and phagocytosis of nurse cells is a basic feature of oogenesis in early metazoans. Fig. 7 . Analysis of DNA from eggs and embryos in double preparations; (A) 1.5% agarose gel showing DNA from normal polyps (lanes 1, 2), Hydroxyurea-treated polyps (lane 3, 4), oogenesis stages 3-5 (lanes 6, 7) and 8-cell to 100-cell embryos (lanes 8, 9); (B) 0.7% agarose gel of DNA from normal polyps and from early embryos which show degradation into fragments of 8 -15 kb. 
